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Nuclear pore complexes (NPCs) are the sole passage
through the nuclear envelope, connecting the cyto-
plasm to the nucleoplasm. These gigantic molecular
machines, over 100 MDa in molecular weight, allow
free diffusion of small molecules and ionswhilemedi-
ating selective energy-dependent nucleocytoplas-
mic transport of large macromolecules. Here, we
applied cryo-electron tomography to human fibro-
blast cells, reconstructing their nuclear envelopes
without applying any purification steps. From these
reconstructions, we extracted subtomograms con-
taining individual NPCs and utilized in silico subto-
mogram averaging procedures to determine the
structure of themammalian pore complex at a resolu-
tion of 6.6 nm. Beyond revealing the canonical
features of the human NPC, our analysis identified
inner lateral channels and fusing bridge-like struc-
tures, suggesting alternative routes of peripheral
nuclear passage. Finally, we concluded from our
structural analysis that the human NPC is structurally
distinct from that of lower eukaryotes in terms of
dimension and organization but resembles its
amphibian (frog) counterpart.
INTRODUCTION
The nuclear pore complex (NPC) mediates nucleocytoplasmic
molecular exchange in a highly selective manner, in addition to
its involvement in gene regulation and nuclear organization
(Strambio-De-Castillia et al., 2010). The NPC influences a wide
range of cellular functions, and malfunction of the NPC is asso-
ciated with a growing list of human diseases, emphasizing the
importance of obtaining deeper insight into the structural design
and modus operandi of this molecular machine. Presenting
a complex organization and comprising hundreds of proteins
(Alber et al., 2007), together with its sheer size, make the NPC
a challenging subject for structural determination.
The NPC is assembled from 30 different nuclear proteins,
termed nucleoporins (Nups). Nups are found inmultiples of eight,
due to the structural constraints of their pseudo-8-fold rotational
symmetry (Gall, 1967). The consensus NPC model suggests998 Structure 20, 998–1006, June 6, 2012 ª2012 Elsevier Ltd All righa three-part architecture comprising the cytoplasmic region,
which consists of the cytoplasmic ring and filaments, the central
spoke ring region, which forms the main translocation channel,
and the nucleoplasmic region, in close proximity to the nuclear
lamina, which consists of the nuclear ring, the basket, and fila-
ments (Fahrenkrog and Aebi, 2003). Although this molecular
assembly is highly conserved, the composition of Nups varies
across species and, accordingly, the molecular mass of NPCs
is estimated to range from 66 MDa in yeast (Rout and Blobel,
1993) to 125 MDa for the vertebrate NPC (Reichelt et al.,
1990). Nups can be divided into three classes, based on their
secondary structure prediction. Nups containing a-solenoid
and b-propeller folds are mainly embedded within the pore
complex. The transmembrane class of Nups contain
membrane-spanning helices and a cadherin fold, which are
considered to connect the structure to the nuclear envelope
(NE) (Onischenko et al., 2009). In addition, phenylalanine-glycine
(FG)-repeat-containing Nups comprise 30% of the entire NPC
protein content and are thought to play a major role in the inter-
action of cargo complexes with the NPC during transport (Lim
et al., 2008).
Using electron microscopy (EM) and cryo-electron tomog-
raphy (cryo-ET), substantial progress has been made in the
past decades in elucidating the overall architecture of the NPC
(Akey and Radermacher, 1993; Beck et al., 2007; Hinshaw
et al., 1992; Stoffler et al., 2003). These techniques allow
three dimensional (3D) imaging at a close-to-life state, even
when scrutinizing large biological structures (Ben-Harush et al.,
2010; Mader et al., 2010). Since the NPC is a dynamic and flex-
ible structure, susceptible to surface tension and mechanical
stress, minimizing sample preparation stages and chemical
treatments is important to avoid introducing artifacts. Thus,
cryo-ET makes it possible to explore the structure of the NPC
in its native environment. For example, the spread NE from
Xenopus laevis oocytes has been studied by means of cryo-ET
to determine the 3D structure of the metazoan NPC (Frenkiel-
Krispin et al., 2010). By introducing in silico subtomogram
averaging and symmetry-independent averaging procedures,
it is now possible to compensate computationally for the
movements of individual protomers from their putative positions
in an 8-fold rotational symmetry structure (Fo¨rster et al., 2005).
Thus, the enhanced resolution and signal-to-noise ratio resulted
in refined 3D structures of the amoeboid Dictyostelium
discoideum and Xenopus laevis NPCs at 5.8 and 6.4 nm
resolution, respectively (Beck et al., 2007; Frenkiel-Krispin
et al., 2010).ts reserved
Figure 1. Cryo-ET of a U2OS NE
(A) A 10-nm-thick xy slice from a tomographic reconstruction containing the
NE of a U2OS nucleus. The white arrowhead indicates the hNPC in a cross-
sectional view. The white arrow indicates a parallel microtubule along the NE,
while the black arrow points to a ribosome located on the ONM.
(B) Surface rendering of the suggested rectangular area in (A). hNPC (orange)
fusing the INM and ONM (blue). Microtubules (green) and ribosomes (yellow)
are located close to the ONM.
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The Human Nuclear Pore ComplexHere, we reveal for the first time that we know of the architec-
ture of the human NPC (hNPC) by applying cryo-ET to whole
cells, without any purification steps. Although mammalian
NPCs have been viewed by electron microscopy and studied
biochemically (Cronshaw et al., 2002; Matunis, 2006), no
detailed structure of a mammalian NPC is yet available. Recon-
structing the mammalian NPC provides a novel insight into the
organization of subcomplexes, as well as into possible mecha-
nisms and the evolution of nuclear transport. Apart from
describing the architecture of the canonical components and
dimensions of the NPC, we detected cavities that traverse the
spoke ring complex and observed the nuclear and cytoplasmic
rings, supporting an alternative path for transport (Fiserova
et al., 2010). Finally, we show that the hNPC resembles the
Xenopus NPC rather than the NPC of the lower eukaryote,
D. discoideum.
RESULTS
Zooming into a Native Nuclear Envelope
The integrity of the nucleus has to be retained in order to recon-
struct an active NPC, a prerequisite for studying the functional
pore complex. Thus, our motivation was to study the structure
of the human NPC (hNPC) in a close-to-life state, without any
purification steps or chemical incubations. On the other hand,
successful tomographic analysis demands a sufficiently thin
specimen to allow electron penetration through the sample
with minimal damage (Egerton et al., 2004). Eukaryotic cells
are typically a few micrometers in thickness, a parameter that
limits cryo-ET to the cell periphery (Ben-Harush et al., 2010; Patla
et al., 2010). The nuclear periphery inmammalian cells is typically
thicker than a micron and therefore has not yet been studied
in situ using cryo-EM, although visualization of the NPC in situ
was successful with exceptionally smallOstreococcus tauri cells
(Henderson et al., 2007). However, we found that cells of the
human osteosarcoma, U2OS, grown over a silicon-membrane-
coated EM grid are thin enough for data to be collected even
from the nuclear envelope, at the edge of the cell nucleus.
Thus, we acquired 15 tilt series of frozen hydrated U2OS nuclei
and reconstructed the respective volumes. The measured
cellular thickness was found to be between 500 and 800 nm.
An xy slice along the z axis of a tomogram and a surface-
rendered view of a selected region are shown in Figures 1A
and 1B, respectively. In the nonperturbed environment of the
cytoplasm in these samples, microtubules and ribosomes are
found in close proximity to the hNPC (Figure 1B). Next, we calcu-
lated hNPC density by dividing the number of NPCs by the esti-
mated NE area. The mean hNPC density in the U2OS NE was
found to be 5.7 ± 2.7 NPCs/mm2, in agreement with a recent
study of HeLa cells (Maeshima et al., 2010). In that work, the
authors found the density of NPCs to range from 4.8 to
5.4 NPCs/mm2 throughout the progression of the cell cycle.
Symmetry-Independent Analysis of hNPC-Protomer
Structures
Using the above approach, NPC distribution covers most of the
spectrum of angular orientations (Figure S1 available online),
a prerequisite for obtaining isotropically sampled structures
(Beck et al., 2004). However, the nuclear envelope is susceptibleStructure 20,to internal cellular forces, surface tension, mechanical stress,
and also presumed protein variations, causing perturbations of
the NPC structure from 8-fold symmetry (Akey, 1995; Hinshaw
and Milligan, 2003; Jean et al., 2004). Thus, the resulting defor-
mations cannot be resolved by symmetry-imposed averaging
procedures.
In order to account for such symmetry perturbations among
the different NPCs, a symmetry-independent asymmetric unit-
averaging algorithm was applied (Beck et al., 2007). Here, eight
protomers from each NPC were excised in silico, forming a data
set of asymmetric units that were then aligned and averaged.
More specifically, a data set consisting of 212 subtomographic
volumes and 1696 asymmetric units was iteratively aligned until
convergence, without any symmetry imposition (Figure 2). The
resulting structure is that of an ‘‘intact’’ protomer flanked by
two half-protomers (Figure 2A). Using this strategy, the resolu-
tion of the structure obtained was increased to 6.6 nm from the
8.5 nm obtained using an averaging procedure based on 8-fold
imposed NPC symmetry (Figure 2D). The averaged protomer
structure can be periodically and angularly continued in silico
around the central rotational axis to yield an 8-fold symmetric
pore-like NPC. A stereo view of the human nuclear pore from
both the cytoplasmic and nuclear aspects is shown in Figures
3A and 3B, respectively.
The protomer positions, after asymmetric unit alignment,
show some radial displacement (Figure 2B). This radial displace-
ment is the radial change between the protomer position in the998–1006, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 999
Figure 2. Analysis of NPC Protomers
(A) Various aspects of the averaged hNPC protomer. Iso-surface representation of the averaged protomer structure flanked by two half-protomers in different
views. Left panel: Side view of the protomer showing the curvature of the fusing INM and ONM flanking the lumenal connection (LC). The distinct separation
between the three canonical rings is clear. Middle panel: View from the central channel showing the spoke ring (SR) and the inner sides of the cytoplasmic ring
(CR) and the nuclear ring (NR). Right panel: View from the lumenal space showing INM and ONM curvature and the lumenal connection.
(B) Protomer radial displacement. The radial displacement of the hNPC asymmetric unit, as measured in the xy plane (mean = 6.1 nm; SD = 5.2 nm).
(C) hNPC eccentricity measurement. Histogram showing the eccentricity of the hNPC fitted ellipses (mean = 0.46; SD = 0.16).
(D) Spatial resolution as determined by Fourier shell correlation. The resolution of the 8-fold-symmetry-imposed hNPC structure (blue) and the protomer-
averaged structure (red) are shown.
See also Figure S1.
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The Human Nuclear Pore Complex8-fold symmetrized NPC to its aligned position after using the
asymmetric averaging algorithm. The mean radial displacement
of the asymmetric units along the xy plane is 6.1 nm. Some
macromolecular cargoes translocated across theNPC approach
its effective diameter. A flexible NPC that allows deviation from
a perfect circle is more compliant to larger cargo complexes
than a solid NPC would be (Wolf and Mofrad, 2008). Thus, to
measure the extent of individual NPC deviation from a circle,
the converged protomer positions were fitted to an ellipse and
compared to their putative position based on the imposed
8-fold-symmetrized structure by measuring the fitted-ellipse
eccentricity. The eccentricity is a common measure of the devi-
ation of, for example, an ellipse from circularity, where the
eccentricity value of a circle is zero and that of a parabola is 1.
The mean of eccentricity calculated is 0.46 ± 0.16 (Figure 2C),
corresponding to a semimajor axis that is 11% larger than the
semiminor axis. These measurements confirm that the hNPC
organization confers pseudo-8-fold architecture that allows
deviation from a symmetrical channel.
hNPC Overall Architecture and Dimensions
As seen in Figure 3C, the detailed architecture of the cytoplasmic
ring, spoke ring, and nuclear ring shows high surface complexity.1000 Structure 20, 998–1006, June 6, 2012 ª2012 Elsevier Ltd All rigThese three ring structures are clearly separated into distinct
regions, although filamentous connections are detected (Fig-
ure 4H, arrow; Figure S2). The cytoplasmic ring, spoke ring,
and nuclear ring dominate the averaged structure, in contrast
to the highly mobile cytoplasmic filaments, of which only their
connections to the structure could be resolved (Figure 3C, black
arrowhead). The eight rudiments of the cytoplasmic filaments are
located on the cytoplasmic face of the NPC.
The hNPC structure reveals an hourglass morphology; the
inner diameter narrows along the z axis from 90 nm at the level
of the cytoplasmic ring to 50 nm at the central plane of the
spoke ring, and expands back to 90 nm toward the level of
the nuclear ring. The outer diameter in the plane of the spoke
ring, not including the lumenal connections, is estimated to be
105 nm. The distance between the inner (INM) and outer
nuclear membrane (ONM) is 40 nm, and the total height of
structure from the nuclear ring to the end of the cytoplasmic
ring, where anchoring sites for the cytoplasmic filaments can
be seen, is roughly 85 nm. The radial distance between the
lumenal connection and the nuclear membrane fusion curve
was measured to be 10 nm.
Figure 4 shows xy slices through the reconstructed NPC
model at the level of the cytoplasmic ring, peripheral channels,hts reserved
Figure 3. Different Aspects of the hNPC
(A) The cytoplasmic aspect of the hNPC in stereo view, showing knob-like
filaments pointing toward the center of the pore while connected to the
cytoplasmic ring. There are lumenal connections found in the middle plane
between the INM and the ONM; their connection to the nuclear envelope
cannot be seen. The spoke ring appears as a porous structure with an intricate
channel system protruding.
(B) Stereo view of the nucleoplasmic aspect of the hNPC. The nuclear ring can
be seen connected to the structure by channels to the NE.
(C) Cross-section of the hNPC with indicated dimensions of key elements. The
larger inner diameters of the cytoplasmic ring (CR) and the nuclear ring (NR)
relative to the inner diameter of the spoke ring (SR) give the structure an
hourglass morphology. The black arrowhead indicates the anchoring site of
a cytoplasmic filament. The red arrowhead shows an internal knob-like fila-
ment extending from the cytoplasmic ring to the NPC center. The black arrow
points to the connectors linking the nuclear ring to the central scaffold and
forming the nuclear channels. Some channels can be seen protruding into the
spoke ring (green arrowhead). The red arrow indicates dense bodies between
the nuclear ring and the spoke ring.
See also Figure S2.
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Structure 20, 9upper cavity, spoke ring, lower cavity, nuclear channels, and
nuclear ring. The central xy slice shows eight lumenal connec-
tions around the NPC in the plane between the ONM and the
INM (see Figure 4D, white arrowhead). The thickness of the
sample resulted in a relatively low signal-to-noise ratio (SNR)
that hampered detection of delicate structures, such as the
connections linking the lumenal connections to the NE. Although
these lumenal connections are clearly seen hovering between
the INM and the ONM, it was shown that these components
are joined to the NE to form a handle-like lumenal domain in
Xenopus and Dictyostelium NPCs (Beck et al., 2007; Frenkiel-
Krispin et al., 2010). These elements may play a role in sustaining
the form of the fusion curve and the 40-nm distance between
the INM and the ONM. At the spoke ring, on the level
where the lumenal connections can be seen, there are high-
density structural elements found on the inner side of the
spoke ring that are similar to the concentric-ring connections
described previously for the Xenopus NPC (Frenkiel-Krispin
et al., 2010). In addition, the pronounced asymmetric organiza-
tion of the nuclear and cytoplasmic rings becomes evident in
the cross-sections computed along the nucleocytoplasmic
axis of the NPC, while the spoke ring is rather symmetric (Fig-
ure 3C,Figure 4H; Figure S3).
Distinct Features of the hNPC
At the cytoplasmic-ring level, a knob-like structure facing the
main channel can be observed (Figure 3C, red arrowhead).
This internal knob-like structure resembles structures previously
seen in Xenopus laevis, Chironomus thummi, and yeast NPCs
using field-emission scanning electron microscopy (feSEM)
(Goldberg and Allen, 1996; Kiseleva et al., 1998, 2004). In those
studies, the authors identified several filaments extending from
the cytoplasmic ring into the center of the NPC.
Careful examination of the xy slices through the reconstructed
NPC (Figure 4) indicated low-electron-density regions exhibiting
a funnel-like shape above and below the central plane of the
complex (Figures 4C and 4E, white arrows). These low-density
regions traverse the spoke ring and possibly connect at the
middle plane to yield regions termed the upper and lower cavities
(Figure 5A). Connectivity between the low-density positions in
the upper and lower cavities presumably occurs through a low-
density region, but due to limited resolution, we can only specu-
late as to its position (see Figure 4D, where the larger of two
points is marked by a white arrow). The radial size of these fun-
nels is40 nm at the base and narrower in the center xy plane of
the structure, being 10–15 nm in diameter at the widest point.
Additional channels protrude from the inner side of the structure
and connect to the upper and lower cavities to form a central
porous spoke-ring assembly (Figure 3C, green arrowhead).
The nuclear ring seems to be connected by bridge-like struc-
tures to the main channel (Figure 3C, red arrow), forming nuclear
channels that offer direct passage into the nucleoplasm (Fig-
ure 3C). The distance between two bridge-like nuclear connec-
tions is23 nm.Other dense bodies are seen between the spoke
ring and the nuclear ring, but their connection to the structure is
delicate or cannot be seen (Figure 3C, red arrow). As such, their
function remains unclear. The feature expected to be connected
to the nuclear ring is the nuclear basket, but we mainly focused
on the main NPC scaffold, since the volume of the asymmetric98–1006, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1001
Figure 4. xy Slices along the Nucleocytoplasmic
Axis through the Structure of the Protomer-Recon-
structed hNPC
(A–G) The distinct substructures are the cytoplasmic ring
(CR) (A), peripheral channels (PCs) (B), upper cavities
(UCs) (C), spoke ring (SR) (D), lower cavities (BCs) (E), with
black arrows pointing to the pore membrane in (C)–(E),
nuclear channels (NCs) (F), and nuclear ring (NR) (G).White
arrows indicate the low EM densities termed the upper
and lower cavities, connected through the spoke ring. The
white arrowhead in (D) indicates a lumenal connection.
(H) Cross-sectional view of the substructures in (A–G) and
their positions along the z axis. The three canonical rings
can be seen separated into distinct regions. The black
arrowhead indicates a filament connecting the spoke and
cytoplasmic rings,.
See also Figures S3 and S4.
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The Human Nuclear Pore Complexunits contained only a small part of the basket filaments, which
could not be resolved, despite the increase in SNR of the struc-
ture gained by averaging procedures.
DISCUSSION
Structural studies of the nuclear pore complex gained
momentum during the last decade, during which time individual
Nups and even subcomplexes were targeted by X-ray crystal-
lography (Brohawn et al., 2009). However, intact mammalian
NPCs have not yet been structurally studied, mainly for technical
reasons. Functional and intact NPCs can only be studied when
the integrity of the nuclear envelope is maintained. In this study,
we challenged the technical limits of structural analysis and
applied cryo-ET to a nonpurified nuclear envelope in situ.
Thus, we studied the structure of the nuclear envelope in its
native cellular environment, as shown in Figure 1. We succeeded
in reconstructing the structure of the hNPC, without any purifica-
tion steps, at a resolution of 6.6 nm. Besides presenting the
detailed architecture and identifying the canonical components
of the NPC, our analysis also provided information on the inter-
actions between the various ring structures, in addition to
peripheral channels that were predicted based on biochemical
studies.
The cytoplasmic filaments are flexible structures found at the
cytoplasmic face of the NPC that presumably anchor cargo in
the first step of nuclear import and function as the release site
for export complexes. These structures cannot be retrieved by
averaging-based structural analysis because of their high flexi-
bility. However, the protrusions located toward the main channel1002 Structure 20, 998–1006, June 6, 2012 ª2012 Elsevier Ltd All rights reservedon top of the cytoplasmic ring (Figure 3C, black
arrowhead) might correspond to the base of
these cytoplasmic filaments, above the periph-
eral channels, as smeared density is detected
in these regions. Earlier scanning electron
microscopy studies showed that these filaments
exhibit a variety of conformations, including
compact or more extended conformations (Ki-
seleva et al., 2004). Visualizing these filaments
in high-resolution 3D maps will require an
arresting of the pore in distinct structural states.It is suggested that the heptameric Nup107–133 complex,
a major NPC building block plays an important role in the
assembly of the NPC (Brohawn et al., 2009; Brohawn and
Schwartz, 2009). Several models for the organization of this
complex within the NPC were proposed. One model suggesting
head-to-tail organization (Hsia et al., 2007; Seo et al., 2009)
received support from a recent study in which the authors
used a new method based on polarizing fluorescent microscopy
(Kampmann et al., 2011). This latest finding remarkably resem-
bles what is observed in the slice through the cytoplasmic ring
of the hNPC (Figure 4A; Figure S4), suggesting that the Y-shaped
complex interacts with the cytoplasmic membrane of the NPC
and presumably adopts a head-to-tail organization. Additional
densities in the cytoplasmic ring may account for additional
components that are associated with the complex in the human,
but not the yeast, NPC (Loı¨odice et al., 2004; Rasala et al., 2006).
Moreover, additional copies of the Y-shaped complex may be in
tight contact with the nuclear ring, or may be found in different
orientations, and structural information attained at higher resolu-
tion is therefore needed to avoid ambiguous assignment. It was
previously suggested that the subunits of the Y-complex are
located on the nucleoplasmic face as well (Rout et al., 2000),
but the high density of nucleoplasm environment shades
this aspect in comparison to the clear view available of the cyto-
plasmic face.Thus, thedensityorganizationat the level of thecyto-
plasmic ring supports the suggestion that the hNPC Y-shaped
complex is organized in a head-to-tail manner but may adopt
other organizations at different locations within the NPC.
The lateral channels found in the hNPC penetrating through
the spoke ring resemble the channels seen in the Dictyostelium
Figure 5. A View from the Lumen Phase and Comparison of NPCs across Species
(A) A transparent side view of the hNPC lateral channels (right) and segmented views of these features (left), indicating the entrances and exits of the channels.
Funnel-like openings penetrate from the cytoplasmic and nucleoplasmic sides through the spoke ring and are possibly connected in the middle plane. Red
spheres inside the channels mark some potential traversing paths.
(B) Comparison across species of the same canonical moieties. The substructures in protomer slices of Homo sapiens, Xenopus laevis, and Dictyostelium
discoideum (Beck et al., 2007; Frenkiel-Krispin et al., 2010) NPCs are the cytoplasmic ring (CR), the peripheral channel (PC), the spoke ring (SR), and the
nuclear ring (NR). The slices for the Xenopus laevis structure were adopted from the first isotropically sampled reconstruction of ametazoan NPC in the 3D Fourier
space.
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The Human Nuclear Pore ComplexNPC (Beck et al., 2007). It has been proposed that the NPC
accommodates two segregated modes of transport, namely,
receptor-mediated transport and the passive exchange of
metabolite and ions (Kramer et al., 2007; Naim et al., 2007).
Moreover, the receptor-mediated transport is believed to
localize differently for proteins and mRNA, as reported by Gold-
berg and colleagues (Fiserova et al., 2010). That study details
statistical modeling of the distribution of immunogold transport
markers through cryo-fixed yeast NPCs, suggesting that im-
ported proteins preferentially localize to the periphery of the
NPC pore, mediated by Kap121 and Kap104, while exported
mRNAs localize to the pore center.
The restricted size of the lateral channels found here suggests
that the size of cargo that could pass through them would be
limited, namely to cargo smaller than large macromolecular
complexes, whose size can reach to tens of nanometers. There-
fore, it is likely that the two routes of protein andmRNA transport
traverse in the center and periphery, respectively, of the pore
central channel while these lateral channels are for diffusion of
small molecules and ions. Nevertheless, it remains possible
that cargo caught in transport within these alternative channels
fills the channels, resulting in reduced apparent size in the
reconstruction.
The hNPC nuclear ring is attached to the central spoke ring via
distinct tubular connections forming nuclear channels (Fig-
ure 4F). Although channels were seen at the nucleoplasmic
side of metazoan NPC structures (Frenkiel-Krispin et al., 2010),
their exact shape and dimensions could not be accurately
described due to a missing cone of information (Jime´nez et al.,
1986). In the case of the Dictyostelium NPC, the nuclear ring is
more intimately connected to the spoke ring than in the hNPC
(Figure 5). However, channels between the nuclear ring and the
INM are observed, suggesting that the separations between
the three rings are presumably evolutionarily related. Although
our resolution did improve, the high density of the nucleoplasm,
in comparison to the Dictyostelium nucleus, for example, pro-
hibited resolution of the basket. In any case, the restricted proto-
mer volumes did not include the distal ring.Structure 20, 9By applying symmetry-independent subunit averaging to
in situ tomographic reconstruction of NEs, we were able to
realize a resolution of 6.6 nm, as obtained with previous NPC
structures from other purified nuclei (Elad et al., 2009). Neverthe-
less, the low frequency (i.e., density) of particles in the NE and
sample-thickness considerations posed challenges to recon-
structing the NPC. However, the enhancement in resolution
obtained by asymmetric unit averaging indicates that the SNR
is adequate for protomers to be located with sufficient precision.
The measured radial displacement of the protomers further
supports deviation of the NPC from its suggested 8-fold
symmetric structure. These deviations exhibit a slightly elliptical
shape, demonstrating that eccentricity of the NPC structure is
a canonical feature of the hNPC.
A comparison of the hNPC to available NPC structures from
D. discoideum and Xenopus laevis (Beck et al., 2007; Frenkiel-
Krispin et al., 2010) is presented in Figure 5. The structures of
the Dictyostelium NPC, as derived from intact nuclei, and of
the X. laevis NPC, as reconstructed from spread oocyte nuclear
envelopes, resemble that of the hNPC. It is not surprising that
NPCs from higher eukaryotes share a higher degree of similarity;
however, they are not identical. All three structures share
pseudo-8-fold rotational symmetry and similar dimensions.
The inner diameter of themain channel is50 nm,while the outer
diameter between the two fusion curves of the NE (not including
the lumenal connections) is 105 nm for all structures. The
central framework of the Dictyostelium NPC is 60 nm in height;
the Xenopus NPC seems to be taller, with an estimated height of
85 nm. The height of the hNPC resembles that of the Xenopus
NPC. Thus, the two NPC structures from higher eukaryotes are
85 nm long (not including the cytoplasmic filaments, as we
proposed here). The lumenal gap between the INM and ONM
is similar in the hNPC and the Xenopus NPC but it is much
smaller in the case of the D. dicoideum NE. This distance needs
to be bridged during integration of an NPC by fusing the two
membranes, and probably involves soluble lumenal compo-
nents, together with other membrane Nups serving as docking
sites. While subtomogram averaged models only exist for98–1006, June 6, 2012 ª2012 Elsevier Ltd All rights reserved 1003
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The Human Nuclear Pore ComplexDictyostelium, Xenopus, and human NPCs, measurements
were also reported for the Saccharomyces cerevisiae and the
Ostreococcus tauri NPCs (Henderson et al., 2007; Yang et al.,
1998). In the study of the yeast NPC, a 3D map of isolated
NPCs was calculated using single-particle methods. For this
structure, the inner and outer diameters were measured as
20–25 nm and 100 nm, respectively, with a height of
35 nm. For the O. tauri NPC, measurements were conducted
for NPC structures obtained by cryo-ET with no subtomogram
averaging procedures. For this NPC, the averaged inner and
outer diameters were reported as 50 nm and 80 nm,
respectively.
In our previous Xenopus NPC reconstruction, we used
a spread-nuclear-envelope sample preparation. The small thick-
ness of the sample allowed high xy resolution, but due to the
preferred orientations of the NPC, an artificial elongation of
that reconstruction was detected. Nevertheless, that study
allowed for the detection of two concentric rings at the inner
side of the spoke ring, separated by a low-mass density region
and connected by high-mass density connections. Although
these two rings have not been identified in the hNPC structure,
possibly due to limited resolution, highly dense structural
elements can be observed within the spoke ring.
A detailed comparison of the three subtomogram averaged
structures using xy slices at the level of the cytoplasmic ring
reveals remarkable similarity (Figure 5B, PC and CR rows).
However, xy slices of cytoplasmic ring and the peripheral
channels in human and Xenopus NPCs indicate major differ-
ences compared to their lower eukaryote counterpart, the
Dictyostelium NPC, in particular in the protein arrangement at
the level of the peripheral channels that connect the cytoplasmic
ring to the structure. However, at the level of the spoke ring, there
are some differences between the human and Xenopus NPCs.
The lumenal connections of the hNPC are smaller than their
counterparts in the Xenopus NPC and more similar in size to
those of the Dictyostelium NPC (see Figure 5B, SR row). In all
three structures, the position of the lumenal connection corre-
sponds to the above cytoplasmic ring-NE connection, and not
directly to the SR complex. This suggests a connection between
the two through the ONM. At the nuclear-ring level, the three
structures also seem to differ, although these differences could
be partly attributed to a lower signal-to-noise ratio due to the
higher density of the nucleoplasmic side. Thus, while all NPC
structures share a similar general architecture, there are several
differences between them with regard to dimension and organi-
zation, presumably reflecting variations in protein composition
and Nup sequences (DeGrasse et al., 2009; Hoelz et al., 2011).
In future, higher-resolution structural analysis may shed light
on these species-based variations.
Differences were also detected between individual hNPC
densities within NEs, presumably influenced by the cell cycle
or the clustered distribution of NPCs in the NE (Winey et al.,
1997). The density of NPCs found in the humanU2OSNE is lower
than that seen in the Dictyostelium discoideum NE, which is esti-
mated to be 45 NPCs/mm2, and significantly lower than the
level noted in Xenopus laveis nuclei, which is estimated at
50 NPCs/mm2 for a mature oocyte (Beck et al., 2004; Danker
et al., 1999; Gerace and Burke, 1988; Go¨rlich and Kutay,
1999). For yeast and O. tauri, densities of 12 NPCs/mm2 and1004 Structure 20, 998–1006, June 6, 2012 ª2012 Elsevier Ltd All rig1 NPC/mm2, respectively, have been reported (Henderson
et al., 2007; Winey et al., 1997).
The similarities in structure between the hNPC and the
Xenopus NPC suggest that exploring Xenopus NPC architecture
and function may also shed light on the hNPC. For the time
being, resolving any NPC structure at atomic resolution is
beyond our grasp. However, presumably by employing integra-
tive approaches, such as X-ray crystallography, single-particle
analysis, cryo-ET, and other techniques, it will be possible to
resolve the heart of this complex molecular machine. Neverthe-
less, our study provides the first insight that we know of into the
architecture of a mammalian NPC. The overall organization and
spatial separation between the ring moieties resembles the
differences seen between the NPC structures of lower and
higher eukaryotes. However, integrative approaches, in conjunc-
tion with higher-resolution imaging of the nuclear pore
complexes, are needed to yield a pseudoatomic map of this
macromolecular machine.
EXPERIMENTAL PROCEDURES
Sample Preparation
Silicon-membrane-coated 200-mesh gold grids (Quantifoil) were placed in
a Petri dish filled with Dulbecco’s modified Eagle’s medium (DMEM, Biological
Industries, Beit Ha’emek, Israel) supplemented with 10% (v/v) fetal calf serum
(FCS, Biological Industries), 5 ml of L-glutamine (0.2 M, Biological Industries),
and 5 ml of penicillin-streptomycin (penicillin, 10,000 units/ml; streptomycin,
10mg/ml; Biological Industries) at 37C and 5%CO2. U2OS cells were applied
to the grids in concentrations of 100 cells per grid and then cultured for 24 hr.
Grids were washed with warm PBS, and a 5-ml drop of bovine-serum-albumin-
coated 15-nm gold colloid in PBS was applied. Grids were then plunge-frozen
in liquid-nitrogen-cooled ethane.
Data Acquisition
Specimens were transferred under liquid N2 temperatures into a 300-kV FEG
polara TEM (FEI, Eindhoven) equipped with a Gatan post-column GIF 2002
energy filter. Tilt series were acquired covering an angular range of 60 to
60, with 2 tilt increments and a 12-mm underfocus, resulting in a maximal
resolution of 4.9 nm. Data were collected mainly from the curved edges of
the nuclei. The magnification used was 18 K, resulting in a pixel size of
0.82 nm at the specimen level. The estimated total electron dose for the entire
tilt series is <100 e/Ǻ2.
Data Analysis
Projection images (20483 2048 pixels) were aligned to a common origin, using
15-nm-sized fiducial gold markers, and reconstructed by means of weighted
back-projection, as implemented by the TOM toolbox software package (Nick-
ell et al., 2005). All tomograms were reconstructed with a binning factor to yield
a 1.643 nm3 voxel size. From a data set consisting of 15 tomograms of U2OS
nuclei, 225 subtomographic volumes containing particles were selected
manually and extracted. These particles were identified as NPCs based
on their position relative to the NE, their size, and specific structural
characteristics.
Since only that surface which is parallel to the electron beam can be
resolved, we estimated a large portion of NE location based on extrapolated
observable NE contours and NPC positions. The NE area was calculated by
fitting a half-cylinder to the edge and completing it with two surfaces traversing
the perpendicular NPCs. The NPC density was calculated by dividing the
number of NPCs by the total fitted NE area.
Initial assignment of the Euler angles was based on the relative position of an
NPC in the nuclear membrane. The particles found in each subtomogramwere
low-pass filtered to 4.5 nm resolution, aligned, and averaged using the AV3
averaging suite (Fo¨rster et al., 2005; Nickell et al., 2005). The alignment and
averaging were carried out iteratively by imposing 8-fold rotational symmetry
with a cylindrical binary mask, with the variable density of the CP/T maskedhts reserved
Structure
The Human Nuclear Pore Complexto prevent misalignment. A converged model was calculated from 212 parti-
cles selected by cross-correlation coefficient thresholding from a data set of
225 particles to generate a 3D model of 8.5 nm resolution at 0.5 Fourier shell
correlation (FSC, Figure 2D). From this data set, 1696 segments were consid-
ered, each comprising one complete protomer flanked by two half-protomers.
The initial reference was created by aligning these segments using their posi-
tion and angle in the imposed 8-fold-symmetry NPC. After aligning these
asymmetric units, a new average protomer was created. The resolution of
the final asymmetric protomer structure extended to 6.6 nm resolution at
0.5 FSC (Figure 2D). Surface rendering was realized using AMIRA 5.3 software
(ZIB, Visage Imaging), thresholding for a molecular mass of125 MDa, for the
entire proteinous NPC components. The eccentricity measurement applied on
the asymmetric units position was carried out using the least-squares algo-
rithm (Radim and Jan, 1998).
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